In Aplysia neural tissue, the release and metabolism of arachidonic acid are stimulated by histamine or by activation of the identified L32 nerve cell circuit of the abdominal ganglion. Previously we found that histamine and intracellular stimulation ofL32 cells, which are putatively histamergic neurons, cause the production of 12-hydroxy-5,8,10,14-icosatetraenoic acid (12-HETE), a product of the 12-lipoxygenase pathway formed through 12-hydroperoxy-5,8,10,14-icosatetraenoic acid (12-HPETE). 12-HPETE, but not 12(S)-HETE, mimics the dual-action response of L14 ink motor neurons to hitmine and stimulation of L32. 12 HPETE can also be further metabolized to 8-hydroxy-11,12-epoxy-5,9,14-icosatrienoic acid (8-HEpETE) which was identified by HPLC, enzymatic hydrolysis, and GC/MS. Production of 8-HEpETE is specific, as its positional isomer 10-hydroxy-11,12-epoxy-5,8,14-icosatrienoic acid is not formed after physiologic stimulation. 8-HEpETE can elicit the late component (hyperpolarization) of the dual-action response in L14 cells, suggesting that it may be a second messenger in Aplysia.
12-Lipoxygenase converts arachidonic acid to 12-hydroperoxy-5,8,10,14-icosatetraenoic acid (12-HPETE), which may then be reduced to a more stable hydroxy acid, 12-hydroxy-5,8,10,14-icosatetraenoic acid (12-HETE). 12-HETE, which originally was discovered and characterized in human platelets (1, 2) , has since been detected in nervous tissue from vertebrates (3, 4) and invertebrates. In the marine mollusk Aplysia californica, production of 12-HETE is evoked by applying histamine (5) or phenylalanylmethionylarginylphenylalaninamide (FMRFamide) (6) , two modulatory neurotransmitters that produce presynaptic inhibition. Intracellular stimulation of L32 cells, identified neurons that produce presynaptic inhibition, also results in the production of 12-HETE, presumably through release of endogenous transmitter (5) . Although 12-HETE is produced by intact ganglia, synthetic 12(S)-HETE is unable to induce electrophysiologic responses in any Aplysia neurons tested (6, 7) . In contrast, application of its precursors, arachidonic acid and 12-HPETE, mimics the actions of FMRFamide on sensory neurons (6, 8) . Further metabolism of 12-HPETE may be required to obtain these biologic activities. Belardetti et al. (8) reported that the hydroperoxy acid enhances the probability of Kr-channel opening in whole-cell patches ofAplysia sensory neurons but is not effective on cell-free patches, suggesting that a cytosolic component is needed to convert 12-HPETE into an active product.
Among other products, the metabolism of 12-HPETE has been reported to yield a pair of diastereomeric epoxy alcohols, (8RS)-8-hydroxy-11,12-epoxy-5,9,14-icosatrienoic acid (8-HEpETE) and (1ORS)-10-hydroxy-11,12-epoxy-5,8,14-icosatrienoic acid , which are formed through an intramolecular rearrangement of the hydroperoxide (9) . The epoxy alcohols then may be hydrolyzed either enzymatically (10) or nonenzymatically to isomeric trihydroxyicosatrienoic acids (TriHETEs), which originally were identified in platelets (11, 12) . Both TriHETEs and epoxy alcohols have now been found in brain and several other tissues (10, 13, 14) . It has been shown that 8-HEpETE (for which the name hepoxilin A3 has been proposed) potentiates glucose-induced insulin secretion (15) and transport of calcium across the guinea pig yolk sac (16) .
In this report we show that 8-HEpETE is synthesized by intact abdominal ganglia. 12-HPETE and 8-HEpETE [but not 12(S)-HETE] have marked electrophysiologic effects on follower cells of L32, suggesting that these metabolites may act as second messengers in Aplysia neurons. A preliminary account has been published (17) . trienoic acid was synthesized by the method of Corey and Wei-Guo (19) . Its structure was confirmed by NMR and GC/MS and by GC/MS after catalytic hydrogenation, lithium aluminum hydride reduction, and methanolysis. Just before use, 8-HEpETE methyl ester was hydrolyzed by treatment for 3 hr with methanolic NaOH (methanol/50% NaOH, 9:1, vol/vol). The mixture was diluted with water, neutralized with solid C02, and applied to a preconditioned Sep-Pak C18 column (Waters, Milford, MA). After washing with water, 8-HEpETE sodium salt was eluted with methanol. A vehicle was prepared by carrying out a blank hydrolysis through column purification. Standard 10-HEpETE as well as 3H-labeled epoxy alcohols were prepared with rat lung 12-lipoxygenase and purified by HPLC; rat lung epoxide hydrolase was prepared as reported (10) .
MATERIALS AND METHODS
GC/MS. Analyses were performed on a Hewlett-Packard 5987A fitted with an HP-1 (12 m) capillary column placed directly into the ion source; helium was used as the carrier gas at a constant head pressure of 55 kPa. The injector was kept at 250°C and the transfer lines were kept at 275°C. The source was operated at 200°C for the electron-impact mode and at 150°C for the negative-ion chemical ionization (NICI) mode.
For NICI analysis, purified samples were converted to the pentafluorobenzyl (PFB) esters prior to formation of trimethylsilyl (TMS) ethers (5) . Derivatized samples were dissolved in hexane for the analyses carried out with methane as the ionizing gas (approximate source pressure, 106.6 Pa).
For electron-impact analysis (electron voltage, 70 eV), samples were converted to the corresponding methyl (Me) esters with diazomethane before formation of the TMS ethers as described above. 
RESULTS
Biological Activity of 12-HPETE on Identified Aplysia Neurons. Stimulation of L32 neurons hyperpolarizes L10 cells and usually produces a dual-action (fast depolarization-slow hyperpolarization) in L14 cells (Fig. lA and ref. 20) . Histamine, suggested to be the neurotransmitter released by L32, evokes similar responses (Fig. 1B and ref. 21) . In L14, 12-HPETE mimicked the response produced by stimulating L32 or application of histamine (Fig. 1C) but was only marginally active on L10 (Table 1 ). In contrast, 12(S)-HETE had no activity on either L10 or L14 (Fig. 1D, Table 1 ). The results of 29 experiments are summarized in Table 1 .
Identification of 8-HEpETE Produced in Neural Homogenates. Homogenates of neural tissue were incubated with radioactive arachidonic acid for 30 min, and lipids were extracted and fractionated by normal-phase HPLC. Two previously unidentified labeled compounds were detected at retention times of 12-15 min and 30-32 min (data not shown; n = 12). These were absent from homogenates incubated in the presence of the lipoxygenase blocker nordihydroguaiaretic acid (30 1uM; n = 3), but their synthesis was unaffected by aspirin (0.5 mM; n = 3), a cyclooxygenase blocker. Similar products were isolated from homogenates incubated with
[3H]12-HPETE (data not shown; n = 2). We suspected these two metabolites to be epoxy alcohols.
Preliminary identification of 8-HEpETE (retention time, 30-32 min) was confirmed by reversed-phase HPLC. The radioactive component, purified by normal-phase HPLC, was eluted from the reversed-phase column as a single peak (Fig. 2B) at the retention time of authentic 8-HEpETE (Fig.  2A) . Treatment ofauthentic 8-HEpETE with rat lung epoxide hydrolase produced isomeric TriHETEs (Fig. 2C) . We obtained identical results with the substance derived from Aplysia (Fig. 2D) .
Identification of the two epoxy alcohol isomers was confirmed by GC/MS. The NICI spectrum of the PFB/TMS derivative of 8-HEpETE shows a single prominent ion at m/z 407 (M -181) that arises by loss ofPFB. Analysis by selected ion monitoring of purified Aplysia material also shows a peak of m/z 407 at the retention time of authentic 8-HEpETE (Fig.  3A) . From the electron-impact mass spectrum of the Me/TMS derivative of synthetic 8-HEpETE (Fig. 3B) , prominent or characteristic ions were chosen for mass fragmentography. Material derived from Aplysia was eluted at an equivalent chain length of 22.6, identical to that observed with synthetic 8-HEpETE under these conditions. Characteristic ions were detected at m/z 422 (M+), 407 (M+ -15), 311 (M+ -111; loss of the C13-20 tail), and 281 (a cleavage at C8 with loss of C1-7) (Fig. 3C) . The less polar metabolite formed in the homogenates (retention time on normal-phase HPLC, 12-15 min) was eluted from the GC with an equivalent chain length of 22.1, identical to that observed for standard 10-HEpETE (11 (Fig. 4B) . After stimulation of L32, [3H]8-HEpETE increased '-16-fold, from 29 ± 8 cpm per ganglion to 487 ± 105 cpm per ganglion (P < 0.05; n = 4). In the same experiments, there was no significant increase of radioactivity in the 10-HEpETE fractions (Fig. 4C) . In contrast to the results with L32, intracellular stimulation of C2, an identified histaminergic neuron in the cerebral ganglion, did not generate detectable amounts of epoxy alcohol ( Fig. 4C ; n = 5), even though we previously found that 12-HETE is formed under these conditions (5) .
Biologic Activity of 8-HEpETE on Identified Aplysia Neurons. Application of 8-HEpETE to L14 neurons produced a slow hyperpolarization (Fig. 5B ) in contrast to the dual-action response induced by stimulating L32 (Fig. LA) . The mean maximal response to 8-HEpETE at the cell's resting potential was -3.6 ± 0.9 mV (range 0 to -8 mV); application of the vehicle had little effect (0.6 ± 0.5 mV, mean ± SEM; range +1 to -2 mV; n = 8, P < 0.02). Hyperpolarization induced by 8-HEpETE was accompanied by increased membrane conductance (Fig. 5) . 8-HEpETE appeared to be less active . In all traces, conductance was measured with -4-nA current pulses of 1-sec duration at 0.2 Hz. 8-HEpETE was prepared as the sodium salt and dissolved in artificial seawater. The precise dose of 8-HEpETE was not known. Assuming no losses during hydrolysis, purification, and spontaneous decomposition in the puff pipette, the upper limit per puff would be 30 nmol. (E) The response of L14 to 8-HEpETE (percent of maximum within each experiment) was plotted against holding potential (n = 3). Linear regression analysis fit the data to a straight line (r = 0.80) with a calculated reversal potential of -77 mV.
on L10, producing weak hyperpolarization in two offive cells tested (data not shown).
In three other experiments the membrane potential of L14 was varied between -50 and -110 mV before application of 8-HEpETE. When the membrane potential was held above the normal resting potential (about -68 mV), 8-HEpETE produced a hyperpolarizing response (Fig. 5 A, B , and E). Below -77 mV, however, application of 8-HEpETE produced a depolarization (Fig. 5 C-E (10) . The spectrum of this derivative prepared by total synthesis also differs, primarily by lacking an ion at m/z 243 (a cleavage at C8 with loss of Cl-7). We find that this ion is resolved from the peak of 8-HEpETE and thus was not used during mass fragmentography. The differences in spectrum and GC retention possibly arise because of thermal instability of the epoxy alcohol derivative during capillary GC; earlier data were obtained with a packed GC column.
Epoxy alcohols arise by the rearrangement of 12-HPETE, which can be catalyzed by hemoglobin or hematin (23 (8) found that 12-HPETE enhances the probability of K+-channel opening in whole-cell but not cell-free patches, suggesting that conversion of 12-HPETE into an active product, perhaps 8-HEpETE, is required. Preliminary trials on cell-free patches of sensory neurons indicate that synthetic 8-HEpETE induces K+-channel opening (25) .
In L14, Byrne (26) showed that the hyperpolarizing phase of the L32-induced dual-action postsynaptic potential is associated with increased conductance and reverses at about -80 mV, an observation that has been confirmed (E.S., unpublished data). The similarity in conductance change and reversal potential between the hyperpolarizing synaptic response and the response to 8-HEpETE is in accord with a common ionic mechanism.
The dual-action response in L14 induced by histamine or intracellular stimulation of L32 is mimicked by 12 Biochemical studies on intact Aplysia ganglia have shown the presence of the 12-lipoxygenase pathway. Although only small amounts of the arachidonate released after physiological stimulation are ultimately converted to 8-HEpETE, this metabolite comprises a substantial portion of the products. Based upon the extracellular application of 8-HEpETE, it is impossible to predict precisely how much must be generated in situ to produce a hyperpolarizing response in L14. Nevertheless, our results suggest that 8-HEpETE is important in evoking synaptic responses. Further, these studies indicate that epoxy alcohols may be synthesized enzymatically. Still further, our results would be another example of a secondmessenger mechanism in which different metabolites formed from the same precursor produce dual, time-dependent conductance changes in the target cell (27) . In L14, a compound, dual-action response may result from the parallel conversion of 12-HPETE into two metabolites, 12-KETE for depolarization and 8-HEpETE for hyperpolarization. In addition, experiments with L10 and other identified neurons (5) suggest that other metabolites of arachidonic acid remain to be discovered.
